Endogenous circadian rhythms are involved in various photoperiodic responses of birds. Investigations involving the mechanisms of photoperiodic time measurement in birds have been confined mainly to temperate zone species using males exclusively. Due to the paucity of experimental evidence on subtropical birds that have very wide distribution, the present study was performed using subtropical female house sparrows. Photoperiodic sparrows were subjected to various T cycles for 60 days in which a fixed 3-h photophase was combined with scotophase in cycles of 20-30 h duration. Simultaneously, two groups of birds were also exposed to short days (light:dark = 8L:16D) or long days (15L:9D) as controls. Significant ovarian growth was found only in cycles of 3L:17D, 3L:23D, 3L:25D, and 3L:27D as well as in 15L:9D, whereas no positive response was detected in 3L:19D, 3L:21D, and 8L:16D. Plasma levels of estradiol showed a close relation to ovarian growth. The results indicate that photoperiodic time measurement in house sparrows involves an endogenous circadian rhythm.
INTRODUCTION
The importance of light as a source of information in reproduction and associated events is well established in temperate and tropical/subtropical birds (Famer and Follett, 1966; Famer and Lewis, 1971; Lofts and Murton, 1968;  Wingfield, 1980; Thapliyal and Tewary, 1964; Tewary and Kumar, 1983) . Hamner (1963) first demonstrated the involvement of circadian rhythm of sensitivity to light as a basis of photoperio-dic time measurement in Carpodacus mexicanus. Since then, a great deal of attention has been directed toward further solving avian photoperiodism (Menaker, 1965; Famer, 1975; Siopes and Wilson, 1980; Follett and Sharp, 1969; Follett, 1984; Turek et al., 1984; Binkley and Mosher, 1987) . The external and internal coincidence models are two general hypotheses that have usually been used to explain the measurement of day length by photoperiodic birds. The external coincidence model suggests that a photoperiodic response 1. To whom all correspondence should be addressed.
2. Present address: Research Coordination Section, Central Silk Board, United Mansions, 39 M. G. Road, PO. Box 5317, Bangalore -560 001, India. JOURNAL OF BIOLOGICAL RHYTHMS, Vol. 10 No. 4, December 1995 319-323 &copy; 1995 Sage Publications, Inc. is the result of a direct coincidence of light with the photosensitive phase of a circadian rhythm, whereas the internal coincidence model suggests that light acts as only an entrainer, and the positive response results when two or more circadian oscillators are in a particular phase relationship with one another (Pittendrigh and Minis, 1964; Pittendrigh, 1972; Biinning, 1936 Biinning, , 1977 . There is no experimental evidence unequivocally favoring either of these models (Farner, 1980; Follett, 1984) . Among the reported photoperiodic species, the house sparrow appears to be interestingly unique in that not only the longer photoperiod but also a photoperiod as short as 1 h can induce gonadal growth. Moreover, the external and internal coincidence mechanisms have been reported from temperate zone sparrows (Dolink,1976; Famer et al., 1977) .
One of the powerful methods used to test the involvement of circadian rhythm in photoperiodic time measurement is the T experiment. The evidence accumulated so far for the involvement of circadian rhythm in control of avian reproductive activities has been confined mainly to temperate zone species and derives almost exclusively from studies in males. Very little attention has been paid to females (Follett and Sharp, 1969; Gwinner and Erikkson, 1977) . To test the generality of circadian involvement in avian photoperiodic time measurement, it is necessary to study more avian species and especially the females of previously examined species (Turek and Campbell, 1979) . It is further known that different populations of the same species may differ in breeding periodicity according to their ecological needs (Immelmann, 1971 ). Because of peculiarities in the photoperiodic phenomena in house sparrows and the lack of experimental evidence on tropical/subtropical birds, we performed a T cycle experiment twice using resident female house sparrows (Passer domesticus) inhabiting a low latitude zone (Varanasi, India, latitude 25° 18' N, longitude 83° 1' E).
MATERIALS AND METHODS
Adult female house sparrows were captured from the vicinity of Varanasi and kept in an outdoor aviary. They were first brought indoors and allowed to acclimate to laboratory conditions for a fortnight. These acclimatized birds were exposed to short-day photocycle (light:dark = 8L:16D) for 8 weeks, ensuring their sensitivity to light. Laparotomies (surgical openings of the abdominal walls between last two ribs) performed during this period (pretreatment) showed that they maintained regressed ovaries (ovarian weight 4-8 mg). These photosensitive birds were apportioned among eight groups, which were maintained on various programmed photoperiods consisting of a photophase of constant duration (3 h) coupled with dark phases of varying durations for 60 days. T cycle durations ranged from 20 to 30 h. In addition to the sparrows exposed to various T cycles with 3-h photophases, one group of birds was maintained under 8L:16D and another was exposed to 15L:9D.
The first experiment photophase was in phase with the pretreatment schedule and commenced at 0600 h.
The lightproof boxes containing the birds were illuminated by 20-W fluorescent tubes providing a light intensity of about 400 lux at perch level. Food and water were given ad libitum and were replenished only during the light phase of the cycle. Observations of ovarian size were made on Day 0 and Day 40 by laparotomy. The ovarian weight of each bird was estimated visually by comparing the size of its ovary in situ with a reference set of fixed ovaries of known weights. The correlation coefficient (r = .925) between ovarian weight and size was found to be statistically significant (p < .001). Moreover, to confirm the accuracy, a group of 3 birds was killed in each case to record the ovarian weights. On Day 60, all the birds were sacrificed to assess the ovarian growth. Blood samples were taken on Days 0 and 60, and serum was collected and stored at -20 °C until assayed. Radioimmunoassay of estradiol was performed by the method described by Abraham (1974) . Estradiol content of the diethyl ether extracted material was measured by incubating the samples with phosphate-buffered saline (pH 7.4), and estradiol antiserum (donated by G. L. Kumari, Department of Reproductive Biomedicine, National Institute of Health and Family Welfare, New Delhi) and 3H estradiol were separated using Dextrancoated charcoal. The serum pools gave intra-and interassay variations of 4.05 and 8.9%, respectively The results were expressed as picograms of estradiol per milliliter of serum. Data were analyzed using two-way analysis of variance, and correlation coefficients were also calculated wherever necessary (Bruning and Kintz, 1977) . Data from birds that died during the experiment were not included in the analysis.
RESULTS
The results obtained from the present experiment are summarized in Fig. 1 . ANOVA exhibited signifi- .12/7), p < .001. The interaction of time and treatment was also significant, F = 30.24, df = 281.04/14, p < .001. A significant ovarian growth (p < .001) was evident in birds of groups G20, G26, G28, and G30, whereas the birds of groups G22 and G24 did not show ovarian induction. An increase in ovarian weights among stimulated groups of birds on Day 40 (p < .01) and a further increase on Day 60 (p < .01) indicates that there was no gonadal regression (onset of photorefractoriness) during the course of the investigation. The regressed condition of the ovary was maintained in birds placed under 8L:16D (group 1), whereas the birds placed under 15L:9D (group 2) showed an increase in ovarian weights (p < .01) on Day 40 and a further increase (p < .01) on Day 60. The onset of refractoriness under long days and continuous light in the subtropical house sparrow was delayed compared to those in other bird species studied in our laboratory (For details, see Tewary and Ravikumar, 1989) . The plasma level of estradiol in each group was related to the change in ovarian weight and was highly significant (r = .996, p < .001) in positive responders. The mean estradiol level on Day 0 was found to be 51.00 ± 4.32 pg/ml.
DISCUSSION
The results are interesting in that a 3-h photoperiod was stimulatory in T cycles of 20 (3L:17D), 26 (3L:23D), 28 (3L:25D), and 30 (3L:27D) h but not in cycles of 22 (3L:19D) and 24 (3L:21D) h. These results suggest that ovarian stimulation by T cycles with 3-h photophases may be the result of either an advance or a delay in the photosensitive phase of the response system so that the environmental photophase falls during the photoinducible phase of an endogenous circadian rhythm. According to this view, the cycles of 20, 26, 28, and 30 h may entrain the circadian rhythm in the subtropical house sparrow. Famer and colleagues (1977) investigated the testicular response in a temperate population of P. domesticus using T cycles and concluded that the testicular response occurs when the photoinducible phase of the circadian rhythm is phase advanced to coincide with the photophase. The ovarian response of this subtropical sparrow under the 24-h cycle (3L:21D) is inconsistent with the temperate population in which 3L:21D is stimulatory However, the response to 3L:23D and 3L:25D resembles that of temperate zone house sparrows.
The positive response in the 30-h cycle used here was questioned by reviewers. Hence we repeated the experiment and added a determination of serum lev-els of estradiol. Direct assessment of circadian rhythms would be highly useful in interpreting the phase relationship between circadian system and T cycles. Due to the lack of such direct information here, two alternative explanations are offered to interpret the relation of ovarian growth and serum estradiol to the 30-h cycle. Entrainment of the circadian system to the 30-h cycle may have occurred with light falling during the photoinducible phase. Alternatively, the birds might not have entrained to the 30-h cycle, but photoperiodic induction may have resulted when the 3-h photophase scanned the circadian cycle of sparrows in a state of free run or relative coordination. Eskin (1971) found the upper limits of entrainment (using 6-h photophase) in temperate zone house sparrows to be 29.7 h.
The findings here are more or less comparable with male those for photoperiodic birds reported elsewhere and support the Biinning hypothesis (Hamner and Enright, 1967; Famer et al., 1977; Chandola et al., 1975; Schwab, 1971; Tewary et al., 1982) . A similar pattern of gonadal response has also been observed in male subtropical house sparrows (Prasad and . T cycles produced essentially negative results on photoinduced gonadal growth in Japanese quail, raising questions about the importance of circadian rhythms in photoperiodic time measurement in this species. The T cycles of 19to 36-h durations used in the quail study had 1to 3-h photophases and were ineffective in inducing testicular growth (Simpson and Follett, 1982) . This disparity does not seem to be a basic one (for details, see Saiovici et al., 1987; Schleussner and Gwinner, 1989 ).
In many photoperiodic species, males appear to be more responsive than females to photostimulation (Immelmann, 1973; Wingfield and Famer, 1980) . Females also respond to photostimulation, but in the laboratory this stimulus causes only partial ovarian development. This was true in our study, as the ovaries did not grow to full breeding condition, although the testes of male house sparrows reached full speratogenic level under similar stimulatory photoperiods (Prasad and Tewary, 1981) . The substantial reduction in ovarian response of photoperiodic birds is due to the failure of a long photoperiod to induce vitellogensis and the culminative stages of follicular development, and these functions are reported to be influenced largely by various complementary factors (Kem, 1972; Famer and Lewis, 1971; Wingfield, 1983) . Ovarian growth and maturation in photoperiodic birds are biphasic, an initial phase of slow growth to be followed by a phase of rapid growth, during the yolk deposition before ovulation (Famer and Lewis, 1971) . It seems that the photoperiodic mechanism may be relevant only to the first phase and that nonphotoperiodic mechanisms drive the final phase of ovarian development. This would indicate a sex difference in the photoperiodic control of seasonal growth because males exhibited full testicular development with photostimulation only Ovarian growth was stimulated in the T cycles of 20, 26, 28, and 30 h but not in those of 22 and 24 h despite the fact that all cycles consisted of the basic 3-h photophase. Thus T cycles of 20, 26, 28, and 30 h seemed to act as long days, whereas T cycles of 22 and 24 h apparently acted as short days. It appears that the coincidence, or lack of coincidence, of light with certain phases of circadian oscillators involved in photoperiodic response will determine whether a light:dark cycle is interpreted as a long day or a short day The results of the present study thus provide evidence that female house sparrows use their circadian systems to measure the day length and are thereby consistent with the Bunning hypothesis.
